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* We take seriously the possibility that /7 bound states are within several GeV/c? of the Z-boson
mass and make a careful study of this possible near degeneracy using the mass-mixing formalism.
Most of the decay width of vector states below the open-top threshold comes from mixing with the
Z. In the idealized situation where there is no coupling of the unmixed 77 state to e *e ~ and [, the
amplitude for e *e ~— ff has an exact zero at the unmixed mass. Correspondingly, in the physical
situation of nonzero couplings, the cross section for e *e ~— ff exhibits deep minima. We investi-
gate as well the effects of complex mixing matrix elements above the open-top threshold, and calcu-
late longitudinal polarization and forward-backward asymmetries, where there are large enhance-

ments near ff resonance masses.

I. INTRODUCTION

The possibility of mixing between the Z° boson and 7
states has already been discussed in a number of pa-
pers.!~* Much of this work, guided by theoretical specu-
lation on the top-quark mass m,, was concerned with the
situation where the Z mass was much higher than 2m;,.
However, the discows:ry5 of the Z° at CERN, and the
more recent evidence® for a top quark with a mass be-
tween 30 and 50 GeV suggest that the scenario where
there is a near degeneracy in mass between 7 states and
the Z merits a closer and more careful look.”

In the next section we set up the mass-mixing formal-
ism needed to study this problem. We then proceed to
study the mixing of one vector (J*¢=1"") i state V
with the Z, solving the problem analytically and studying
various limiting cases. There is an exact zero in the am-
plitude for e *e ~— ff at the bare (unmixed) mass of the
V when the couplings of the bare V state to both e te™
and ff are zero. We set out the formulas for .the cou-
plings, cross sections, asymmetries, etc., and then consider
the corrections of allowing nonzero couplings and of in-
cluding e te ~—y—ff. For olete™— ff) these have a
small effect on the overall shape, which still has a strong
minimum, whose position is slightly shifted. For the po-
larization and front-back asymmetries the effects are
much more dramatic. The section concludes with the for-
malism needed for mixing the Z with an arbitrary number
of vector ff states, both below and above the open-top
threshold, where the off-diagonal mass-mixing matrix ele-
ment becomes complex.

In Sec. III we briefly discuss heavy-quark potentials
and the spectrum of 7 states which results. We use the
potential of Richardson® and find roughly 13 S states
below the open-top threshold. Section IV then contains
the results following from applying the mixing formalism
in Sec. II to the Zand the set of #7 states described in Sec.
III. We consider o(e *e ~—ff) in situations where 2m, is
less than, roughly equal to, and greater than M,. There
are striking interference patterns observed in
olete~—ff) as well as in the longitudinal and front-
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back asymmetries. We conclude with a sobering look at
what the experimentally unavoidable spread in beam ener-
gies does to these interference patterns.

II. MIXING

As we are considering mixing between states in a limit-
ed energy range far from threshold we may safely use the
mass-mixing formalism.*1° If we take the simplified case
of only two states, the Z and one vector (J PC_1—7) 7
resonance V then the 2 X 2 mass matrix has the form

My?—iTy My, &m?
2__
./”0 - 8m2 MZ z—irz MZ ’ (21)
[ 0 0
and the matrix propagator,
D(s)=—g— 2.2)
./%/0 —s1

Here .#,* is the (undiagonalized) mass matrix with ele-
ments expressed in terms of “bare” masses (M Z, and M Vo)

and widths (I'z  and I'y ). Within the spirit of the mass-

mixing formalism we take the initial widths to be con-
stants, with no explicit functional dependence on mass.’
Inclusion of such a mass dependence, or working with the
mass rather than mass-squared matrix, results in ampli-
tude changes of a few percent in the limited mass range
within which we are working.

The off-diagonal term 8m?, which induces the mixing,
originates in the (vector) coupling of the Z to the ¢ quark
contained in the 77 bound state (see Fig. 1). Its value is

8m?=2V3|(0) |1/ My gy,

e(1—2sin%0y,)
SARE Rt Ad , (2.3)

=2V3|$(0) |/ My,

4 sinfy,cosOyy

where ¥(0) is the wave function of the 77 bound state at
the origin and Oy is the weak mixing angle (so
that!! sin?0y, ~0.22). The factor of V'3 arises from color.
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FIG. 1. Diagrammatic representation of the process causing
Z-V, mixing.

For the P states 8m? is proportional to the derivative of
the wave function at the origin, with concomitant much
smaller mixing (by roughly an order of magnitude for 7).
This is examined in detail in Ref. 7.

For purposes of calculation one can work with the mass
matrix in this nondiagonal basis, sandwiching the propa-
gator in Eq. (2.2) between initial and final spinors which
express the coupling strength of the “bare” ¥V, and Z, to
the initial and final states, respectively. For some pur-
poses, however, it is more useful to go to the diagonal
basis, obtaining along the way the physical states and
eigenvalues. For this purpose we rewrite Eq. (2.1) as

MoP=5(My? —iMy Ty +Mz>—iM; Tz )1+A% 0,

(2.4)
where
A =[(My?—iMy Ty —Mz>+iMz Tz )*/4
+(6m?)??, (2.52)
fi=cosf@Z+sinfxX , (2.5b)
and the complex angle 0 is given by
sin@=8m?2/A? . (2.5¢)

It (1s/then easy to see that B4 H#~!, where A
=" ?, is diagonal, with eigenvalues

My»—iMyTy= 5(My > —iTy My +Mz>—iTz Mz )
+4%,

Mz*—iM;Tz= 3(My>—

(2.6a)
irVOMVOI"}'MZOZ—‘ iFZOMZO)

— A%, (2.6b)
and that the physical eigenstates are
—i(6/2) 0 .6
| V)= =cos— | Vo) —sin—[Zo) ,
(2.7)
| Z)y=e' 1072y 1 —sm [ Vo)+cos—|Zo

Since 6 is generally complex, R is symmetric but not uni-
tary.
When the narrow state V is far from the Z, these re-
sults simplify, and the mixing is characterized by
8m?

L 6
- sinf~ — ~ . (2.8)
: 27 My Mz +iMz Tz,

As the magnitude of the right-hand side turns out to be
(see below) <0.1 even when MV0=MZO, this is even a

good approximation when the ¥V and Z are close. The
small admixture of the ¥V, in the Z has a totally negligible
effect, while the corresponding small Z, admixture to the
V has relatively large effects because of the much larger
Z couplings to fermion-antifermion pairs. Alternatively,
when the mixing is small, the problem of ¥ decays involv-
ing the Z can be treated directly by explicitly calculating
diagrams involving an intermediate Z, with identical re-
sults? to those obtained using Eq. (2.8).

Now let us consider the situation of interest to us when
the state ¥, is near the Z; and most of the width of the ¥
comes, as we shall see, from mixing with the Z. It is use-
ful to consider then the idealized case where the unmixed
state ¥, has no coupling to particular initial and final
states, e.g., eTe ™ and u*u~. From Eq. (2.7) we see that
in this case the couplings of the physical V and Z to the
initial and final states are

. 0 6
gyz—sm—z—gzo, gzzcos—z—gz0 . (2.9)

Consequently, the scattering amplitude

8vr8vi 8zr8zi

As(s)= : (2.10
s M —iMyTy—s  Mz>—iM,T,—s
simplifies to
Ap(5) =87 18 sin%(8/2)
fi ZofSZof MVZ—iMVrV—S
2
4 cos“(6/2) 2.11)

MZZ—iMzrz —S

At the point s=M VOZ—iM v,I v, the (complex) mass
squared of the unmixed f7 state,

sin%(6/2)
A%(cos6—1)

cos?(6/2)
A%(cosO+1)

-0, (2.12)

when we use the relationship in Egs. (2.6a) and (2.6b) be-
tween the “dressed” masses and ‘bare” masses together
with the definition of 6 in Eq. (2.5¢). Therefore, there is
an exact zero of the amplitude Ag(s) at the position of
the unmixed ¥V, mass when the unmlxed state does not
couple to either the initial or final state.!

How close is the actual situation to this idealized one'?
To answer this we need to put in some numerical values
and insert couplings from the standard model. From the
Richardson® potential discussed in the next section we
take |¥(0)|?~65 GeV® for the 1S vector-meson &
ground state when the top-quark mass is such that
My ~Mz (which we take as!''13 93 GeV). According to

Eq. (2.3), we then have
8m?=20 GeV?
for mixing of the 1S state with the Z,,.

Ap(My?—iMy Ty )=8z (82,

(2.13)
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FIG. 2. Change in the mass of the physical Z state due to
mixing with the /7 ground state as a function of the mass differ-
ence of the bare states (M o is held fixed at 93 GeV, while M 2
is varied).

Preservation of the trace of the mass matrix under diag-
onalization implies that MVZ—MV()Z: -(MZZ—MZOZ), SO
the squared masses are shifted equally and oppositely, and
similarly for widths. We solve Egs. (2.6) for the “dressed”
masses and widths as a function of My, taking Mz =93

GeV and I'z =2.7 GeV [y, ~100 keV (Ref. 14) and can

be neglected at this stage of the calculation], with the re-
sults shown in Figs. 2 and 3. The mass shift, at most
about 4 MeV (i.e., AM /M <5x 107, is negligible. On
the other hand, V does acquire a sizable width which is
maximal when the ¥V and Z coincide, at which point
2y2
| —@i)— ~18 MeV ,
Mz T

0 ZO

(2.14)

i.e., more than two orders of magnitude greater than the
bare width.

The calculation of the cross section, as well as the po-
larization and front-back asymmetries, is expedited by
considering Feynman amplitudes Ay; for initial and final

fermions of definite handedness, which are in principle
]
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FIG. 3. Change in the width of the physical #f ground state
¥V, as a function of the mass difference of the bare states (M. z, is
held fixed at 93 GeV, while M Yo is varied).

separately measurable and hence do not interfere (since
the interactions are mixtures of ¥ and A the correspond-
ing antifermions are forced to have opposite handedness).
The couplings of the gauge bosons to fermions of charge
Qe and third component of weak isopin T3, are given in
the standard model as

T3, —Qsin’0y,
sinfy,cosOy,
—Qsin®y

sinfycosfy

8z,L=¢€

8z,R=¢€ (2.15)
8y, L =8y,R =eQ ,

while that induced by an intermediate virtual photon for

the Vy is

8v, L =8Vy,R= %eZQ‘/S(MVO)_S/Z |¥(0)] . (2.16)

The angular dependence of the various amplitudes is
given by standard arguments, so that the unpolarized
cross section is

2 2
do(s,0) s 2 | 1+cos@ 2 | 1—cos6
dcos® ~ 327 [ AzL(s)] [ 2 + 1 Ar(s) | [ 2
2 2
+ |AR,L(s)|2‘1—_‘2’°—59 ¥ | A r(s)|? -1+—‘2’°~SQ (2.17)
Recalling o, (s)=4ma’/3s,
R als) s? 2 2 2 2
(S)=——==—"55[14,6) |+ | AL r(s) |°+ | Ar L (s) | *+ | Ar r(s) | °] . (2.18)

Ope(s) ~ 64nta

The value of R for e*e ™ —pu*p™ in the situation where My, is 1 GeV below Mz, which we arbitrarily choose for the

purposes of illustration, is shown in Fig. 4. The dotted curve is with the Z alone, while the dashed curve shows the case
in which the couplings of the ¥V, to initial and final fermions are set to zero. We find in this latter case that

R (182L 12+ |82k | )il 18200 |2+ |82k | Py

2
s(s —MV02+iFV0MVO)

6472a?

(2.19)

(s —My > +ily My s —Mz *+iTz Mz ) —(8m?)?
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FIG. 4. R(e*e~—su*p™) arising through the Z alone (dot-
ted curve), through Z and ¥ but no coupling of ¥} to the initial
or final states (dashed curve), and from Z, V, and y including
bare ¥V, couplings (solid curve). The V), state has a total width
of 100 keV, and mass of 92 GeV.

004

Here we have done the calculation in the unmixed basis,
where it is easier. As demanded by Eq. (2.12), there is an
exact zero of the amplitude at a value of s equal to the
(complex) bare mass squared of the V. While not visible
in Fig. 4, the dashed curve does not precisely go through
zero, but to R ~5X 1073, since we have made 'y, =100

keV and the zero of the amplitude is slightly off the real
energy axis. The realistic case, including the photon inter-
mediate state and bare ¥V couplings as per Eq. (2.16), is
shown by the solid line. There still is a deep dip near
My . A similar dip occurs for all the 3S, states below

open-top threshold, except that the effect occurs over a
narrower energy region for the higher states since their
widths (acquired mostly from mixing) are smaller. When
My >Mz, the dip occurs before the peak, rather than
after it as in Fig. 4. For the very fortuitous case where
My =Mz, there is no peak at all; only a near zero right
in the middle of the Z. Similar behavior is exhibited for
ete —unand ete ™ —dd.

Since we have the cross section in terms of amplitudes
for fermions of definite handedness it is easy to find the
expression for the longitudinal polarization (of the initial
e 7) asymmetry:

A(s)+[2cosO/(1+cos’0)]A4,(s)
1+[2cos6/(1+cos’0)]Apg(s)

Apor(s,0)= , (2.20)

where
Y |2+ | A g |*— | A |*— | Ap. |?

B |AR,R|2+IAL,R’2+IAR,L|2+|AL,LI2 ’
X . 2.21)
_ | Arr [’ + | Arr = | ALr |*— | AL |?

B | Arr |*+ | AL g |*+ | Apr |*+ | A |?

and the front-back asymmetry

A4

2

| Arr |2+ |App |2— | Apr |*— | A |
| A g |2+ | AL g |2+ | Arr |*+ | ALr |2
(2.22)

Afrp

(The quantity Agp used here has a maximum magnitude
of unity. The more usual front-back asymmetry obtained
by integrating over the forward and backward hemi-
spheres is a factor of & smaller.) If we pay no attention
to the angular distribution of the final-state fermions and
integrate over the center-of-mass scattering angle 6, then
we are only sensitive to 4;(s), which is sometimes re-
ferred to as “the” polarization asymmetry. For e te™
—putu~, Ai(s)=A,(s) and there is no distinction be-
tween them anyway. Figure 5 displays the polarization
asymmetry for the reaction e "e ~"—u*u~ when My, is 1
GeV less than MZo‘ Again the dashed curve gives the re-
sult when the bare ¥V, has no coupling to the initial or fi-
nal fermions. Since in this case the coupling of V to the
initial and final fermions comes entirely through mixing
with the Z,, the ratios of its helicity couplings are identi-

1.0 I I x T T
(a)
0.5 —
O ]
T
EiL 10 | | | | 1
{ -0.04 -0.02 0 0.02 0.04
I
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2
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0.5 + —
0 »———/\ .
|
-0.5 —
~1.0 | | |
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FIG. 5. Polarization asymmetry with the ¢ ground state 1
GeV/c? below the Z (M v,=92 GeV/c?. The polarization
asymmetry is shown with all effects considered (solid curve),

and additionally in the more detailed figure, Apor for the Z
alone is shown (dashed curve).
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FIG. 6. The two polarization-asymmetry components, A4,
and A4,, for ete " —uit and e e ~—>dd in the vicinity of the
ground state when My =92 GeV/ c2

cal to those of the Z and the value of Apgy is identical to
that for the Z alone. However, when the amplitudes in-
volving virtual photons are included (solid curve in Fig.
5), the effects are dramatic. Although the amplitudes in-
volving virtual photons are small, those coming from
V+Z also are small near My and one sees a large effect
characteristic of the interference of the real part of the
Breit-Wigner amplitude of the V with the rest of the am-
plitude.

Figure 6 shows the polarization asymmetries 4, and
A, in the vicinity of M v, for production of charge 2e /3

Mz —iMz Tz, 2 &m

0

dm

dm?

8mr2

My >—iMy Ty,

2 .
0 My, > —iM

0

where 8m2,8m'2, ... parametrize the mixing between the
Z and the spectrum of 7 states V,V”’, ... . Mixing direct-
ly (e.g., through an intermediate photon) between ff states
is very small and has been neglected.

If one works only to second order in &m 2om'?, ...
then it is possible to write a simple expression for the ro-
tation that diagonalizes M,? and hence its eigenvalues and
eigenvectors. We have found numerically that this gives a
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FIG. 7. The forward-backward asymmetry for e‘te~™

—utu~, ete”—uil, and ete~—dd in the vicinity of the @7
ground state when My =92 GeV/c.

and —e/3 quarks, u and d. Again one observes charac-
teristic interference patterns due to the real part (e.g., in
A, for um) and/or imaginary part (e.g., in 4, for dd) of
the Breit-Wigner resonance amplitude of the V interfering
with the rest of the amplitude due to ¥ +Z. The quark
production amplitudes used in this computation do not in-
clude the contributions from strong interactions, i.e.,
V —intermediate gluons—gqg, which could in principle
contribute further coherently interfering amplitudes,
modifying the interference patterns. Similar comments
hold for the forward-backward asymmetry shown in Fig.
7 for Vs in the neighborhood of M v,- As the asym-

metries for y+Z alone do not vary strongly over the
width of the Z, the general form of the asymmetry after
the state ¥V is introduced does not depend strongly on
whether it is a few GeV below or above the Z mass.

The extension of the formalism to encompass mixing of
the Z with an arbitrary number of # states is straightfor-
ward. For n states the mass matrix is (n +1)X(n +1):

(2.23)
Ty,

—

fair approximation to the masses and widths of the
dressed states V,V’,..., and a good approximation to
the cross sections. In our subsequent work we calculate in
the unmixed basis, as the matrix can be inverted exactly.
While this can be done analytically, it is easier to carry
out the matrix manipulations numerically at each value of
s.

Finally, above the open-top threshold two interesting
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effects occur. The bare width of the 7 states will no
longer be negligible, changing the near zeros in cross sec-
tions to minima where the cross section drops by less than
an order of magnitude. Further, the mixing term &m?
picks up an imaginary part as physical intermediate states
are allowed (Vo—T;T; —Z,), giving

Imém?>=— 3, (Mz Ty _77)"AMy Ty 70)'72,
i

(2.24)

where the sum extends over all physical intermediate
states. In principle the imaginary part of 6m? can be
comparable to the real part, causing sizable changes in the
interference.

III. ffSTATES AND THRESHOLDS

We shall be utilizing the spectrum of 7 states and their
wave functions determined using the heavy-quark poten-
tial of Richardson.® It has the advantages of correct long-
and short-range behavior together with a minimal number
of parameters. In addition, it provides a very good set of
predictions for the 3S states of the Y system.!®> This po-
tential is specified in momentum space by

127 1
33—2ns glIn(1+g%/A%) ~

Pgh=—2 (3.1)
3

We use ny=3, since the relevant energy scale is the
momentum of the bound quarks, which is less than, or
around, the mass of the charm quark; furthermore, as this
is a phenomenological potential, we wish to use the same
parameters as did Richardson. It can be rewritten in posi-
tion space as

_ 8 _f(Ar)
V(r)—_33_2an Ar vl (3.2)
where
© dg e %,
()= |1—4 — . (3.3
f ) fl q []n(q2___1)]2+,n,2 ] )

We evaluate this potential numerically using® A=0.398
GeV, and then solve the radial Schrédinger equation,

u’+ —2(—lr+—” (3.4)

u'+—2ﬁ%[E—V(r)]u=o,
where [ is the angular momentum and u(r)r'=R(r), the
radial wave function. The first several energy levels, as a
function of the top-quark mass m,, are shown in Fig. 8
(see Ref. 16). The corresponding values of (0)
=R(0)/V'4r, the wave function at the origin for the S
states, are shown in Fig. 9. These wave functions are nor-
malized with the condition

dr [ |9(r) | r2dr=1. (3.5)

With this normalization the leptonic width (through an
intermediate photon) is'?!8
16ma?

F( V0—>€ +e ‘):
My ?

| 4(0)|%Q,?, (3.6)

T T T
0k A
Y
L3
=
g€ 0 7
o
L2
©
®
]
@
€ L B
uf
-2 | 1 I
35 40 45 50

m;  (GeV)

FIG. 8. Binding energy of the S and P (7 states versus my,
where m(ff)=2m,+Eg. The heavy line at 0.95 GeV is the
threshold for open-top production relative to 2m,, which has a
very weak dependence on m,, for such large values of m, (see
text).

and corresponds to a leptonic width of about 9 keV for
the ground state.

To calculate where the threshold for bare-top produc-
tion occurs, we basically follow Eichten and Gottfried.!?
If we use the charm quark as a baseline we have

mp—m,=mp—m,+5(1—m,/m,)8, , (3.7)

where the last term corrects for the hyperfine splitting be-
tween the D* and D and between the T* and T (the quan-
tity 8. =m«—mp=0.141 GeV). Inserting the mass of
the charm quark appropriate to the Richardson potential
(1.491 GeV), and the experimental D mass, yields
mp—m,=0.477 GeV. Alternately, we may use the bot-
tom system as a baseline:

my—my=mp—my++(1—my/m,)8, , (3.8)

10 T I

(Gev372)
[0}
T
|

ly(0)

N

I
u\)
w (0]

|

40 45 50
my (GeV)

FIG. 9. Wave function at the origin, from the Richardson
potential, for the S ¢7 states, versus m,.
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where now? 8, =m g+ —mp=0.052 GeV. Again, insert-
ing the quark mass appropriate to the Richardson poten-
tial (m, =4.883 GeV), we find my—m,=0.425 GeV.

The threshold is found at 2my, i.e., 0.95 GeV +2m, or
0.85 GeV +2m; from Eq. (3.7) or (3.8), respectively. In
Fig. 8 we have taken it to be at 0.95 GeV +2m, (indicated
by the solid line), with the result that there are 13 3S,
states below open-top threshold for m,~45 GeV. Since
the level spacing is about one 38, state per hundred MeV
near threshold, we would lose one such state to the contin-
uum if we moved the threshold down to 2m, +0.85 GeV.

IV. CROSS SECTIONS AND ASYMMETRIES
FOR it NEAR THE Z

We are now in a position to put together the mixing
formalism in Sec. II with the £ spectrum and wave func-
tions of Sec. III. Indeed, for the ground state of #f we
have already done this in that we explored the conse-
quences of the mixing formalism by using it as an exam-
ple in Sec. II for mass shifts, cross sections, and asym-
metries in the two-state system consisting of the 1S state
Vo and the Z,. Figures 10, 11, and 12 show the cross
section in the neighborhood of the Z, for ete~—u*u=,
normalized to opt=4qra2 /3s, for situations where m, =435,
47, and 49 GeV, respectively. In each case the distinct in-
terference pattern of each of the 13 3§, states assumed to
be below open-top threshold is visible. As we move over
the peak of the Z the peak-dip order in the interference
changes to dip-peak.

The width (acquired by mixing) of the £ states de-
creases as we go to higher energy levels because the wave
function at the origin (see Fig. 9) decreases, and so pro-
portionally does the amplitude for mixing with the Z.
However, the height of the peak (in R) remains approxi-
mately the same. In fact, the peaks of the V|, resonances,
as well as that of the Z, fall on a very slowly varying
curve. This behavior is exactly correct for a resonance V

200 , T
150 —
R
100 - —
50 B Mr‘/&
,.uww"“'«/«
i R ! |
(6]
88 89 90 9l
Vs (GeV)

FIG. 10. R(e*te~—p*u™), including mixing of the Z with
the first 13 £ states, for m, =45 GeV.
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50 — \t
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Q92 93 24 95
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FIG. 11. R(ete~™—u*u™), including mixing of the Z with
the first 13 7 states, for m, =47 GeV.

which acquires all its width from mixing with the Z, for
from Eq. (2.19) we have

s%(18zpL |2+ |82r | )i 82oL | *+ 18201 | P)f
B , (5m2? |?
641a? S_M202+ZFZOMZO_S___—1G;—2
0

4.1)

This is a maximum for a value of s (very close to M VOZ)
for which the real part of the quantity

2, . (8m?)?
(S—-MZO +1FZOMZO)—S-—MV02
vanishes. At that point,
200 — ‘ I
150 — =
R

100 — -
50 — —]

3 N
o | | 1
96 97 98 99

V5 (GeV)

FIG. 12. R(ete~—pu*u™) including mixing of the Z with
the first 13 77 states, for m, =49 GeV.
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(4.2)

2
S peak Mzo4( |82,z |2+ |8z,,r | 2);( |8z,,L |2+ |8z,,r [%)y
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Once we are above open-top threshold, the situation
changes considerably. The width of an unmixed #7 state
presumably becomes tens of MeV, as is the case for the ¢’
and Y'’. The peak and dip structure from interference
with the Z is much less dramatic in e Te ~—uTu™, as is
~shown in Fig. 13. Here we have illustrated the situation
by taking the 14°S, state to be 2 GeV above the Z and to
have a width of 20 MeV for decay into pairs of open-top
states. The dashed curve shows the case of real 8m 2 while
the solid line indicates what happens when there is an
imaginary part of the same magnitude (but opposite sign),
which is a plausible possibility from Eq. (2.24). The
imaginary part of 8m? makes the interference pattern
somewhat more impressive but when we note the
suppressed zero for the vertical axis in Fig. 13 it is clear
that in any case for e e "—uTu~ we have a much less
impressive effect than that for a resonance below thresh-
old. Of course, if we look at ete ~—77, we will see a
much greater effect, for /7 is the major decay of such a
resonance while u*u~ is a very minor one. However,
once we are above open-top threshold the situation be-
comes quite complicated in that different states will mix
with each other as well as the Z and the approximation
inherent in producing zeros in the mass matrix in Eq.
(2.23) breaks down. At the same time all the mixing ma-
trix elements become complex. While interesting, a de-
tailed investigation is beyond the scope of this paper.

The situation with respect to the polarization or front-
back asymmetries when we include the whole spectrum of
38, if states is very much an iteration of what is found in

70 T T T T
r‘ .
260 |- -
3
I4
(]
@ 50 | : -
@
40 l | I 1 I
94.96 95.00 95.04
J/5  (GeV)

FIG. 13. R(ete~—u*u™) for a 14S 7 state with My =95
GeV/c? and I'y,=20 MeV, and real 8m? (dashed curve), and

complex 8m? with Imdm?2/Redm2= —1 (solid curve). The dot-
ted curve is for the Z alone.

r

Figs. 5, 6, and 7 for the 1S state. Of course, there are
small variations as the ¢ quark mass is changed and the
“background” asymmetries due to the ¥ and Z change,
but the general form of the interference pattern remains
the same as we move over the peak of the Z. Again as we
go to higher radial excitations, the width of the mixed /7
states decreases (to <1 MeV just below threshold) making
the measurement of these large swings in the asymmetries
very difficult.

This brings us to the question of how much of this is in
fact measurable under actual experimental conditions
where the spread in beam energy is not negligible. To see
how this affects the results we have taken the curve in
Fig. 11 (corresponding to m, =47 GeV), which would be
the measured cross section with no beam energy spread,
and smeared it with a Gaussian corresponding to
og, =40 MeV (e, 0p/E~0.8X107°) and to
v = 100 MeV (e, 0z /E ~2X107%. The results are

shown by the solid and dashed curves, respectively, in Fig.
14. The latter case is currently the specification for the
Stanford Linear Collider (SLC), although the former case,
which is roughly nominal CERN LEP performance
without wigglers, is also achievable?! at SLC. In the latter
case structure due to the higher S states is washed out
and we can only see a mild undulation due to the 1.5 state,
instead of the deep dip in Fig. 4. In the former case, with
a narrower beam spread, the ground state is quite clear

beal
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FIG. 14. The curve in Fig. 11, convoluted with a Gaussian
appropriate for Opem=40 MeV (solid curve) and Ope,m=100
MeV (dashed curve). We show R(e*te~—u*tu~) due to the Z
alone (dotted curve) for comparison.
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FIG. 15. The polarization asymmetry near the 1S 7 state for
Opeam =40 MeV when M Y =84, 92, and 100 GeV.

and a few higher states can be picked off from their in-
terference pattern with the Z.
The effects of smearing with o, =40 MeV on Apor

and Agg are shown for the ground state of #7 in Figs. 15
and 16, respectively. Part of the reason these asymmetries
have such a small variation when My is near Mz (e.g.,

My =92 GeV in the figures), is that the unpolarized cross

section due to the Z (which occurs in the denominator of
the expression for the asymmetries) is large there. Even
with the smearing one has fairly sizable effects in the
asymmetries well below?>?3 or well above the Z.

Thus with UEbeamz40 MeV one should be able to see

quite distinctive indications for the first few levels of 77
both in the cross section and the polarization and front-
back asymmetries. Even with aEbeaszOO MeV, if Na-

ture is kind enough to put the #7 state near the Z, the ef-

1.0 | | T
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FIG. 16. The front-back asymmetry near the 1S 7 state for
Opeam =40 MeV when M Vo= 84, 92, and 100 GeV.

fects due to interference of the ground state with the Z
are visible, and they are capable at least of giving us infor-
mation on the properties of the ¢ quark and, in particular,
fairly precise knowledge of m, and hence of where to look
for the open-top threshold.

"ACKNOWLEDGMENTS

We thank M. Peskin for suggestions and for the use of
his program implementing the Richardson potential, and
S. Giisken, J. H. Kiihn, and P. Zerwas for communicating
the results of their work before publication, as well as P.
Zerwas for several discussions. One of us (P.J.F.) would
also like to thank B. Ratra and J. Yeager for helpful sug-
gestions. This work was supported by the U.S. Depart-
ment of Energy, Contract No. DE-AC03-76SF00515.

IF. M. Renard, Z. Phys. C 1, 225 (1979).

2L. M. Sehgal and P. M. Zerwas, Nucl. Phys. B183, 417 (1981).
See also R. Budny, Phys. Rev. D 20, 2763 (1979); and J. D.
Jackson, S. L. Olsen, and S.-H. H. Tye, in proceedings of the
1982 Summer Study on Elementary Particles and Fields,
Snowmass, Colorado, edited by R. Donaldson, R. Gustafson,
and F. Paige (Fermilab, Batavia, Illinois, 1983), p. 175; L. M.
Chang and J. N. Ng, TRIUMF report, 1984 (unpublished).

3W. Buchmiiller, in Proceedings of the Z° Theory Workshop,
Ithaca, New York, 1981, edited by M. E. Peskin and S.-H. H.
Tye(Laboratory of Nuclear Studies, Cornell University Report
No. CLNS 81-485), p. 210 and references therein; 1. I. Y. Bigi
and H. Krasemann, Z. Phys. C 7, 127 (1981); J. H. Kiihn, in
Electroweak Interactions, proceedings of the 1982 Schladming
School, Schladming, edited by H. Mitter (Springer, Vienna,
1982), p. 203; L. M. Sehgal, in Electroweak Effects at High
Energies, proceedings of the 1983 Europhysics Study Confer-
ence, Erice, edited by H. D. Newman (Plenum, New York, in
press); J. H. Kiihn and S. Ono, Z. Phys. C 21, 395 (1984); 24,
404(E) (1984); J. H. Kiihn, Acta Phys. Pol. B12, 347 (1981).

4E. Eichten, in Proceedings of the 1984 SLAC Summer Institute
on Particle Physics, Stanford, edited by P. McDonough
(SLAC, Stanford, in press). )

5G. Arnison et al., Phys. Lett. 126B, 398 (1983); 135B, 250
(1984); P. Bagnaia et al., ibid. 129B, 130 (1983).

6G. Arnison et al., Phys. Lett. 147B, 493 (1984).

7S. Giisken, J. H. Kiihn, and P. M. Zerwas (in preparation). See
also J. H. Kihn and P. M. Zerwas, CERN Report No.
TH4089/85, 1985 (unpublished). Also, after submitting this
paper for publication we received a report on similar work:
L. J. Hall, S. F. King, and S. R. Sharpe, Harvard Report No.
HUTP-85/A012, 1985 (unpublished).

8J. L. Richardson, Phys. Lett. 82B, 272 (1979).

9S. Coleman and H. J. Schnitzer, Phys. Rev. 134, 863 (1964).

I0F, M. Renard, Springer Tracts Mod. Phys. 63, 98 (1972); Y.
Dothan and D. Horn, Nucl. Phys. B114, 400 (1976).

UPparticle Data Group, Rev. Mod. Phys. 56, S296 (1984).

12We thank M. Peskin for pointing out to us an explanation for
the vanishing amplitude by noting that in the unmixed basis
M *—s1 has a zero for its V-V, element and consequently



246 PAULA J. FRANZINI AND FREDERICK J. GILMAN 32

(#?—s1)~! has a zero for its Zy-Z, element at
S=MV02—iMV0FVO- It is the latter matrix element that is

picked off when the inverse propagator is sandwiched be-
tween coupling spinors when the ¥, has no. coupling to either
the initial or final fermions. We also thank P. Franzini and S.
Drell for discussions leading to another explanation. The am-
plitude for e te ~—Z,V—u*u~ can be calculated by replac-
ing the Z, propagator by the iterated series
a a 2

S——Mzozs——MVO2 * [ ] * ]

N —Myo2
= (s =Mz )Ns —My ) —a?

>

which is zero for s =M VOZ.

13We take M;=93 GeV for the remainder of the paper. All
other masses are given relative to it, so that as a more exact
value of the Z mass is measured, all our curves can be shifted
appropriately. In addition we use sin’0y =0.22 and 'y =2.7
GeV (this does not include a contribution from the ¢ quark);
these values include the second-order electroweak corrections.
However, in calculating our graphs for R we have implicitly
cancelled a factor of [a(Mz)]? coming from the weak cou-
pling of the Z against a factor of [@(0)]* coming from the
point cross-section. Therefore our curves for R should be in-
creased by a factor of [a(Mz)/a(0)]?~1.15. We thank P.
Zerwas for pointing out the discrepancy between Ref. 7 and
our graphs.

14The ¢ and 7 quarks in the 3S; #7 states have a total width of
~70 keV to decay weakly for m, =45 GeV, which is compar-

able to, or greater than, the combined width for such a state
to decay by annihilation through photons or gluons, or to de-
cay by a transition to another 77 state. Hence, we take
r Vo= 100 keV for illustrative purpose.

I5K. Gottfried, in Proceedings of the 1981 International School
of Nuclear Physics, Erice, edited by D. Wilkinson (Pergamon,
Oxford, 1982), p. 49. See also K. Gottfried, in Proceedings of
the International Europhysics Conference on High Energy
Physics, Brighton, 1983, edited by J. Guy and C. Costain
(Rutherford Appleton Laboratory, Chilton, Didcot, United
Kingdom, 1984), p. 747.

16We note that our levels, for the 15, 2S5, 3S, 1P, and 2P states,
agree with those presented by Kiihn and Ono (Ref. 3); see also
Buchmuiller (Ref. 3).

I7R. Van Royen and V. Weisskopf, Nuovo Cimento 50, 617
(1967).

18We have omitted QCD radiative corrections to T',.; these
would decrease the width by a factor of about 0.8.

19E. Eichten and K. Gottfried, Phys. Lett. 66B, 286 (1977). See
also C. Quigg and J. L. Rosner, ibid. 72B, 462 (1978).

20y, Lee-Franzini, in Proceedings of the 22nd International
Conference on High Energy Physics, Leipzig, 1984, edited by
A. Meyer and E. Wieczore (Akademie der Wissenschaften der
DDR, Zeuth, in press). See also K. Han ez al., Max Planck
Report No. MPI-PAE/Exp-E1-148, 1985 (unpublished).

2IR. Stiening (private communication).

22We thank P. Zerwas for pointing out the still sizable effects in
asymmetries left after smearing when the #7 state is well
below the Z. See Ref. 7 for a detailed discussion.

23A. Martin, CERN Report No. TH4060/84, 1984 (unpublish-
ed).



